Development of Self-oscillating Human Vocal Folds Prosthesis  by Horáček, Jaromír et al.
 Procedia Engineering  144 ( 2016 )  867 – 874 
Available online at www.sciencedirect.com
1877-7058 © 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the organizing committee of ICOVP 2015
doi: 10.1016/j.proeng.2016.05.103 
ScienceDirect
12th International Conference on Vibration Problems, ICOVP 2015 
Development of self-oscillating human vocal folds prosthesis 
Jaromír Horáčeka*, Vítězslav Bulaa, Vojtěch Radolfa, Tomáš Vampolab,  
Miroslava Duškovác  
aInstitute of Thermomechanics, ASCR, Dolejškova 5, Prague 8, 18200, Czech Republic 
bDepartment of Mechanics, Biomechanics and Mechatronics, Faculty of Mechanical Engineering, Czech Technical University,  
Technická 4, 16607, Prague; Czech Republic  
cInstitute of Macromolecular Chemistry, Academy of Sciences of the Czech Republic, Heyrovského nám. 1888/2,16206 Prague, Czech Republic  
Abstract 
The study compares results of in vitro measurements of phonation characteristics performed on three types of originally 
developed 1:1 scaled artificial models of human vocal folds. The measured aerodynamic, vibration and acoustic characteristics 
are in good agreement with the values found in humans.  
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1. Introduction 
Voice production is a complicated and complex biomechanical process, which involves several basic factors: 
airflow coming from the lungs, vocal-fold self-oscillations and acoustic resonances of the cavities of the human 
vocal tract (see Fig.1). Primary pressure fluctuations arise in the human larynx as a result of the airflow being 
modulated by the vibrating vocal folds (also called vocal cords). The narrow oscillating constriction between the 
two vocal folds is called glottis. The vocal folds tissue is composed of the muscle vocalis and ligament covered by 
epithelium. The vocal folds are fixed between the thyroid and cricoid cartilages enabling to change their longitudinal 
tension, which determines the fundamental frequency of the human voice. The vocal folds can start to oscillate and 
close the channel periodically for certain airflow rate and a defined prephonatory position. For higher flow rate, the 
glottis is almost (or completely) closing during vibrations and the vocal folds collide generating the primary voice 
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source sound. The modelling of such a complex phenomenon encounters many difficulties as it is a result of 
coupling complex fluid dynamics and structural behaviour including contact and acoustic problems. The acoustic 
resonant supraglottal spaces, formed by the air cavities upstream the vocal folds, modify the sound and codetermine 
the voice quality [1,2,3,4]. 
Fig. 1. Schema of the human vocal tract with a detail of the laryngeal part. 
Considering the inaccessibility of the vocal folds, it is close to impossible to perform exact airflow or tissue 
measurements in vivo and it is rather complicated in vitro. Thus, most experimental data on the laryngeal airflow 
has been obtained using physical models. Understanding the basic principles of voice production is important for 
better interpretation of clinical findings, detection of laryngeal cancers or other pathologies and for treatment of 
laryngeal disorders and in development of voice prostheses for laryngectomized patients [5, 6]. 
2. Methodology 
The originally developed 1:1 scaled vocal folds models made of silicon rubber were excited by airflow with 
synchronous measurement of the flow-induced vocal fold vibrations using laser vibrometer, two high speed 
cameras, the subglottal dynamic and mean air pressures and the radiated sound, see Fig. 2. A general scheme of the 
measurement set up and the used experimental techniques were described in detail in [7,8,9]. The airflow coming 
from the model of trachea was increasing from the phonation onset up to the airflow rate and subglottal pressure, 
which are in the range of physiologically relevant values for a normal human voice production. 
The developed three types of silicon artificial vocal folds are shown in Figs. 3 and 4. Figure 3 shows the vocal 
folds replicas of the first and second type (type I and type II) or so-called first and second generation. The type I 
model was created like a full silicon vocal fold body, see [7,8]. The type II was designed as a complete model of the 
larynx reconstructed from the CT (Computer Tomography) images of the human subject taken during phonation 
[10]. The design of third type of the vocal folds replica was also based on CT measurement and it is created from a 
thin silicon cover filled by different substances. This new vocal folds replica (type III) is shown in Fig. 4.  
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Fig. 2. Scheme of the measurement set up for experimental studies of the vibrating vocal folds models [7,8,9]. 
 
     
Fig. 3. Vocal folds models of the first and second generation: a) type I with the impact stress sensor in the glottis (left) and b) 
type II supported by a spring for changing the static pre-stress (right).  
3. Results and discussion 
There is an increasing trend to use the high-speed laryngeal imaging techniques to capture the vibratory 
behaviour of the vocal folds and to explore videokymography or digital kymography to visualize the vocal folds 
vibratory pattern for investigation of voice disorders [11,12]. The example of such reconstructed videokymography 
record measured on the vocal folds replica type III is shown in Fig. 4. The videokymography record was 
reconstructed from the images obtained by the high speed camera. The black areas seen in time domain correspond 
to the open glottis and the grey areas between them to the closed glottis. The increasing width of the black region 
corresponds to the glottal opening time up to the maximum glottal opening (MaxGO) and then the glottal width is 
decreasing down to the complete glottis closer.  
Figure 5 shows the example of the spectrum of the sound measured by the microphone at the distance of about 20 
cm in front of the vocal folds replica type II. In addition to the fundamental frequency F0=92 Hz the acoustic signal 
generated by vibrations of the artificial vocal folds contains many higher harmonics (50 harmonics up to about 
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5 kHz). The measured sound is influenced by a noise originated in the airflow jet behind the glottis that is especially 
more substantial in the frequency region higher than 5 kHz. Such a rich spectrum containing many higher harmonics 
is needed for proper excitation of acoustic resonances of the vocal tract airway cavities in a wide frequency range 
which results in a high human voice quality. 
 
Fig. 4. Example of the videokymogram of vibrating vocal folds model (type III) reconstructed in the central cross section line of 
the glottis. (Mean airflow rate 0.15 l/s, mean tracheal subglottic pressure 670 Pa, fundamental vibration frequency 86 Hz.) 
 
 
Fig. 5. Spectrum of the microphone signal for the mean airflow rate 0.3 l/s, mean tracheal subglottic pressure 1.49 kPa and the 
fundamental vibration frequency 92 Hz. (Vocal folds model type II.) 
Figures 6 and 7 show the examples of several measured physical quantities which are important in the voice 
production. The example of the simultaneously recorded time signals for the impact (contact) stress (IS) measured 
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by an especially developed miniature pressure transducer [7,8,9], the subglottal pressure (Psub) and the glottis 
opening (GO) evaluated from the images of the self-oscillating vocal folds are presented in Fig. 6. When the glottis 
was opened during the vibration period T, the contact sensor measured the intraglottal air pressure of about 
IS #  2.5 kPa in the airflow between the vocal folds, and during the contact of the vocal folds, when the contact 
sensor was pressed between them (GO # 0.6 mm), the impact stress increased up to about IS# 5 kPa. As a result the 
maximum of contact (impact) stress was MaxIS# 2.5 kPa. The maximum of Psub# 1.7 kPa was delayed after the 
MaxIS of about T/5, the opening phase of the glottis starts when the subglottal pressure Psub has the maximum and 
the minimum of GO corresponds to the maximum of the impact stress. 
Similarly, Figure 7 shows the signals measured during phonation of the vocal folds replica type III filled in by the 
pressurized water. The peaks of the microphone signal (Pmic) correlates with the peaks of the vocal folds surface 
velocity in the vertical direction (Vvf) measured by the laser vibrometer as well as with the subglottic pressure 
measured just before the glottis entrance (Psub3), which is delayed after the subglottic pressure measured in the 
trachea (Psub2). The signals of the glottis opening (GO) show that the closed time of the glottis, i. e. when GO=0 for 
the glottis motion in the horizontal direction (full line), is nearly 0.4 T of the vibration period T, and that the 
maximum displacement of the glottis in the vertical direction (dashed line) is slightly phase shifted and corresponds 
to zero of the vocal folds velocity (Vvf = 0). The negative maximum of the velocity (Vvf #  -0.35 m/s) is just before 
the glottis closer where the minimum of the subglottic pressure Psub3 exists.  
The results show that the maximum energy from the airflow is transferred to the acoustic energy during the 
opening phase of the glottis where are the maxima of the subglottic pressure Psub3, the vertical vocal folds velocity 
Vvf and the peak sound level Lp of the generated sound (Pmic).  
 
 
 
Fig. 6. Impact stress (IS) measured by the contact sensor during the vocal folds self-oscillation, the subglottic pressure (Psub) 
measured by the pressure transducer mounted on the model of trachea and glottis opening (GO) for the mean airflow rate 0.3 l/s, 
the mean subglottic pressure 1.47 kPa and the fundamental oscillation frequency 94 Hz. (Vocal fold model type II.) 
The last two physical quantities shown in the time domain in Fig. 7 are the glottal area (GA) waveform and its 
time derivative (DGA). The glottal area waveform pulse is not exactly symmetric, because the glottis opening phase 
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is slower than the closing phase, where the minimum of DGA corresponds to a very fast closing of the glottis. The 
highest opening speed of the glottis, i.e. the maximum of DGA corresponds to the maximum peak of the microphone 
signal (Lp) and to the maximum of the subglottic pressure Psub3 as well as to the maximum of the vertical vocal folds 
velocity Vvf. As expected, the zero value of the DGA corresponds to the maximum and minimum values of the glottis 
opening (GO) and to the zero value of the vertical vocal folds velocity Vvf  measured by the laser vibrometer. 
 
 
Fig. 7. Measured and evaluated signals for the vibrating vocal folds model type III for the mean airflow rate 0.15 l/s, the mean 
tracheal subglottic pressure 0.67 kPa and the fundamental oscillation frequency 86 Hz. 
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In summary, the vocal folds model of the third generation (type III) created by a silicon cover filled by the water 
phonated in the interval of the airflow rate 0.08 0.6 l/sQ #   and subglottic pressure sub2 0.28 1.7 kPaP #   having 
realistic maximum vibration amplitudes, so-called glottis opening MaxGO 0 2.6#  mm. Corresponding to a bass 
voice, the fundamental phonation frequency F0 increased with the flow rate from 80 Hz at the phonation onset up to 
0 103 HzF #  while the peak sound level Lp of the generated acoustic signal at the distance 20 cm from the vocal 
folds increased from 62 dBpL #  up to 90 dBpL # .  
Figure 8 compares the measured phonation characteristics of all three types of the vocal folds models: I – 
complete silicon vocal fold body [3], II – complete silicon larynx [4], III – silicon cover of the vocal fold filled by 
water. All of them phonated in a physiologically relevant interval of the airflow rates 0.1 0.6 l/sQ #   and the 
subglottic pressures sub 0.3 2.5 kPaP #   having also realistic maximum vibration amplitudes, so-called glottis 
opening 0 4 mm.MaxGO #   The lowest phonation onset was obtained for the vocal fold model III 
 onset onset0.08 l/s, 270 PaQ P# #  that had also the lowest fundamental frequency 0 80 HzF #  at the phonation onset 
and increased with the flow rate up to about 0 100 HzF | which corresponds to a bass voice. In contrast, the 
fundamental phonation frequency 0 150 HzF | obtained for the model II corresponds rather to a woman voice. The 
highest impact (contact) stress (MaxIS) during the vocal folds collisions was found for the model II which is above 
the range of values measured in humans.  
 
 
a)  
 
 
b)  
 
 
c)  
 
d)  
 
Fig. 8. Measured phonation characteristics: a) the contact stress MaxIS, b) the vibration amplitude MaxGO, c) the fundamental 
phonation frequency F0, d) the peak sound level Lp of the generated acoustic signal at the distance 20 cm from the vocal folds.  
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A high contact stress is one of the most detrimental factor causing nodules and other pathologies in the vocal fold 
tissue, see e.g. [13,14,15,16]. The MaxIS values measured for the models I and III are much smaller and closer to the 
physiological values. The advantage of the vocal fold model III is also a high peak sound level Lp of the generated 
acoustic voice source signal, and in conclusion this model seems to be the most promising for future developments 
comparing to the other two types of the vocal folds models. 
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